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Orogenic typeThe Shagoudeposit, located in the easternQinling orogenic belt, central China andhosted by the Taihua Supergroup,
is a large-sized Ag–Pb–Zn deposit and has proven reserves of 1.54 million tons of ore with grades of 767 g/t Ag,
13.24% Pb and 4.31% Zn. The ore-forming ﬂuids have been previously interpreted as products of direct exsolution
of a crystallizing magma or sudden decompression of the ﬂuid exsolved frommagma, deﬁning the Shagou deposit
as an intrusion-related system. In this study, the Shagou deposit has been identiﬁed as an orogenic typemineraliza-
tion system. The hydrothermal ore-forming process can be divided into the early quartz–pyrite, middle quartz–
polymetallic sulﬁdes and late quartz–carbonate stages. Four types of ﬂuid inclusions in quartz can be distinguished
between PC, C, W and PW types. The early and middle stage quartz contains the PC, C andW type ﬂuid inclusions,
while only W and PW type ﬂuid inclusions can be observed in the late stage quartz. In the early stage, the W type
ﬂuid inclusions homogenized at 173–369 °C (concentrating at 200–240 °C), with salinities ranging from 5.4 to
8.3wt.% NaCl equiv. But in themiddle stage, the C andW typeﬂuid inclusions homogenized at 112–313 °C (concen-
trating at 180–220 °C), with salinities ranging from 0.7 to 13.6 wt.% NaCl equiv. In the late stage, the W type ﬂuid
inclusions homogenized at 108–253 °C (concentrating at 160–200 °C), with salinities ranging from 2.1 to 8.1 wt.%
NaCl equiv. The ﬂuids may have experienced a boiling process or ﬂuid mixing in the middle stage. The estimated
trapping pressures of ﬂuid inclusions in the middle stage ranged from 33 to 211 MPa, corresponding to a mineral-
ization depth from 3.3 to 7.7 km. For the early stage ﬂuids, the calculated δ18OH2O and δDH2O values are 7.5–9.1‰,
−96.2 to−110.5‰, respectively. For the middle stage ﬂuids, these two values are 1.5–5.3‰,−75.6 to−110.7‰
but change to 1.0‰ and−87‰ for the late stage, suggesting an evolution frommetamorphic to meteoric in origin.
In general, the ShagouAg–Pb–Zndeposit is similar inmany respects to typical orogenic typemineralization systems.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Since the term of “orogenic gold deposit” was ﬁrst used by Bohlke
(1982) and comprehensively introduced by Groves et al. (1998), this
type of ore deposits has drawn great attention from scientists and ex-
plorers due to their scientiﬁc and economic signiﬁcance (Chen, 2006;
Fu et al., 2012; Goldfarb et al., 2001; Groves et al., 2003; Jia et al.,
2003; Kerrich et al., 2000). Up to now, it has been widely accepted
that orogenic gold deposits are one distinctive class of deposits that is
usually hosted in metamorphic terranes and structurally controlled.
They are associated in space and time with accretionary tectonics and
constitute the main source of global gold reserves (Bierlein et al.,
2009; Chen, 2006; Groves et al., 1998; Kerrich et al., 2000). Based on
geochemical similarities of Au and other chalcophile elements,researchers recently argued that there should be many more
orogenic-type Au, Ag, Pb–Zn, Mo, Cu and Sb deposits (Chen, 2006;
Chen et al., 2004; Pirajno, 2009, 2013). For example, investigations on
the Tieluping Ag (Chen et al., 2004), the Lengshuibeigou Pb–Zn (Qi
et al., 2007), the Zhifang Mo (Deng et al., 2008), the Dahu Au–Mo (Li
et al., 2011a; Ni et al., 2012), the Tiemurt Pb–Zn–Cu (Zhang et al.,
2012) and theWulasigou Cu deposits (Zheng et al., 2012) have demon-
strated that they can be genetically assigned to be orogenic-type ore
system.
The eastern Qinling orogenic belt, central China, is now considered
as the most important Mo province in the world and the largest
orogenic-type Ag–Pb–Zn province in China (Fig. 1; Chen et al., 2004;
Deng et al., 2013a,b; Li et al., 2007, 2011b, 2012; Mao et al., 2008; Qi
et al., 2005). Among these deposits, the Shagou Ag–Pb–Zn deposit
located in the Xiong'er terrane (Fig. 1) was recently discovered and
has proven reserves of 1.54 million tons of ore with grades of 767 g/t
Ag, 13.24% Pb and 4.31% Zn (Zheng, 2006). A previous study revealed
Fig. 1. Simpliﬁed geologic map of the Xiong'er Terrane showing the distribution of ore deposits (modiﬁed after Chen et al., 2004).
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the origin of the ore-forming ﬂuids and the genetic type of the deposit
remain debatable. Based on initial ﬂuid inclusion study, the Shagou
deposit was regarded as intrusion-related (Gao et al., 2010), which
remained suspicious as being hosted by themetamorphic Taihua Super-
group and absence of igneous rocks occurring in themining area. It was
regarded as orogenic type based on Sr isotopic data of ﬂuid inclusions in
quartz (Han et al., 2013).
In this contribution, a comprehensive study was performed using
microthermometry and Raman microprobe analysis of ﬂuid inclusions,
combined with H–O isotopes data. The results help us to unravel the
origin of ore-forming ﬂuids and the genetic type of the Shagou deposit.2. Regional geology
The Shagou Ag–Pb–Zn deposit is located in the Xiong'er terrane in
the southern segment of North China Craton (Fig. 1). The Xiong'er
terrane is bounded by the Sanbao fault to the north and theMachaoying
fault to the south, and is recognized as one important Au–Ag–Pb–Zn–
Mo metallogenic province (Fig. 1) (Chen et al., 2004; Deng et al.,
2013a,b;Mao et al., 2008). This district contains a Precambrian crystalline
basement formed at about 1.85 Ga, followed by continental accretion
during the Mesoproterozoic to Paleozoic, and the collision between the
North China Craton and the Yangtze Craton during the Mesozoic (Chen
and Fu, 1992).
The main stratigraphic units of the Xiong'er terrane consist of the
Taihua Supergroup and the overlying Xiong'er Group. To the south
of the Machaoying fault are the sedimentary successions of the
Guandaokou and Luanchuan Groups (Fig. 1). The Taihua Supergroup
(crystalline basement of the Xiong'er terrane) is composed mainly
of graphite-bearing gneisses, biotite gneisses, marbles, banded iron
formations and amphibolites, which can be further divided into
the Beizi Group (3.0–2.55 Ga), the Dangzehe Group (2.5–2.3 Ga)
and the Shuidigou Group (2.3–2.1 Ga) (Chen and Zhao, 1997; Xu
et al., 2009). They underwent metamorphism from amphibolite to
granulite facies at 1.95–1.82 Ga during the assembly of the Columbia
supercontinent (Chen and Fu, 1992; Rogers and Santosh, 2002;
Santosh, 2010; Xu et al., 2009; Zhai and Santosh, 2011).The Xiong'er Group, covering an area of more than 60,000 km2, is a
well-preserved unmetamorphosed volcanic sequence consistingmainly
of basaltic andesite, dacite, rhyolite, trachyandesite and volcanic tuff
that unconformably overlies the Taihua Supergroup and is overlain by
Mesoproterozoic rocks of the Guandaokou and Luanchuan Groups
(Zhao et al., 2009). SHRIMP and LA–ICP-MS U–Pb zircon study revealed
that the volcanism formed the Xiong'er Group volcanic rocks erupted
intermittently over a protracted interval from 1.78 Ga, through
1.76–1.75 Ga to 1.65–1.45 Ga, but the major phase of the volcanism
occurred at ca. 1.78 Ga (He et al., 2009; Zhao et al., 2004, 2009). The
origin of the Xiong'er Group remains controversial among developing
in a continental rift (Zhao et al., 2002), a mantle plume (Peng et al.,
2008) and an Andean-type continental margin arc environment (Chen
and Fu, 1992; Deng et al., 2013a,b; He et al., 2009; Zhao et al., 2009).
The Guandaokou and Luanchuan Groups are in general a carbona-
ceous carbonate–shale–sandstone–chert sequence sourced from the
Taihua Supergroup and the Xiong'er Group and deposited between 1.3
and 0.8 Ga (Chen et al., 2004; Hu et al., 1988).
Several Mesozoic Yanshanian granitoids, including the Huashan
complex, a series of ore-bearing porphyries and explosive breccias
intruded the above lithostratigraphic units (Fig. 1). The Huashan com-
plex, located in the center of the Xiong'er terrane, is composed of
three granitic batholiths, namely, the Wuzhangshan (SHRIMP Zircon
U–Pb isotopic age of 156.8 ± 1.2 Ma), Haoping (SHRIMP Zircon U–Pb
isotopic age of 130.7 ± 1.4 Ma), and Jinshanmiao (SHRIMP Zircon
U–Pb isotopic age of 132.0 ± 1.6 Ma) (Li, 2005). The small ore-bearing
porphyries and explosive breccias are located to the north of the
Huashan complex and contain the Leimengou porphyry Mo deposit
and the Qiyugou explosive breccia-type gold deposit (Fan et al., 2011;
Li et al., 2006, 2012; Yao et al., 2009).
Numerous faults are displayed in the Xiong'er terrane. The E–W
trending Machaoying fault with a length of 200 km is the most impor-
tant structure and was interpreted as a thrust zone due to the A-type
north-dipping intra-continental subduction between the Yangtze
Craton and the North China Craton (Chen and Fu, 1992). Its subsidiary
faults are distributed to the south of the Huashan complex. They are
almost NE to NEE trending, parallel and at nearly regular intervals
with each other. These subsidiary faults control the distribution of the
Au, Ag, Pb–Zn, Mo deposits in this district (Fig. 1).
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The ShagouAg–Pb–Zn deposit is located in the Luoning county of the
Henan province. The Shagou deposit is situated in the southwest of the
Xiong'er terrane. There are very few igneous rocks in the mining area,
except for a few small unmineralized porphyries exposed in the
northeast (Fig. 2).
The orebodies of the Shagou Ag–Pb–Zn deposit are tabular to lentic-
ular and hosted by the Beizi and Dangzehe Groups of the Taihua Super-
group, composed mainly by biotite plagioclase gneisses, migmatitic
gneisses etc. More than twenty NE trending ore-bearing fracture
zones, which are in general parallel and at regular intervals with each
other, commonly occurred in the host rocks (Fig. 2). Among them, the
S2, S4, S6, S7, S8, S14 and S16 are of economic interest, with S7 and S8
as the largest ones which can extend up to 3000m long and 15mwide.
Alteration types in the Shagou deposit generally include siliciﬁca-
tion, sericitization, and carbonation from center of the orebodies
outward (Fig. 3Aa, Ab). Siliciﬁcation is the most prevalent alteration in
the ore zone and typiﬁed by penetration of quartz along the fracture
zones. Carbonation is another important alteration in the area and char-
acterized by the formation of a series of carbonate minerals such as sid-
erite, calcite and ankerite. Sericitization usually occurs close to the ore
veins. Chloritization is locally present and shows no relationship with
the mineralization (Fig. 3Ac).
The main ore minerals at the Shagou deposit include pyrite, galena,
sphalerite, chalcopyrite and multiple Ag-bearing sulﬁdes etc. The main
gangue minerals are quartz, sericite, calcite, chlorite and carbonates.
Ore structures are mainly massive, banded and veinlets in style. The
mineralization can be roughly divided into three stages considering
the mineralogical assemblages and crosscutting relationships. Stage 1,
quartz–pyrite stage, is characterized by the formation of mainly quartz,
pyrite with a little galena and sphalerite (Fig. 3Ad). Pressure shadow of
pyrite can be observed (Fig. 3Ae). Stage 2, quartz-polymetallic sulﬁdes
stage, contains abundant galena and sphalerite veins (Fig. 3Af, Ba). Ore
textures are mainly interstitial, embayed, exsolution, and poikilitic
such as penetration of galena, quartz and tetrahedrite in the ﬁssures of
pyrite (Fig. 3Bb, Bd), chalcopyrite as exsolution drops in sphalerite
(Fig. 3Bc). Corrugation structure of galena can be seen due to stressFig. 2. Distribution of ore veins in the Shagou Ag–Peffect (Fig. 3Be). Abundant Ag-bearing minerals, such as Ag-bearing
tetrahedrite and argentite can be identiﬁed occurring in conjunction
with galena (Fig. 3Bf, Bg). Stage 3, quartz-carbonate stage, is dominated
by quartz and carbonate veins,with small amounts of sericite andnearly
no sulﬁde (Fig. 3Bh, Bi). The paragenetic sequence of the Shagou deposit
is summarized in Fig. 4.4. Fluid inclusion study
4.1. Samples and methodology
The samples were collected from S4, S14 and S16 orebodies of the
Shagou deposit. Doubly polished thin sections were prepared from
more than 80 quartz samples associated with different stages for ﬂuid
inclusion study on microthermometry and laser Raman spectroscopy.
Microthermometric measurements were conducted using a Linkam
THMS 600 heating-freezing stage in the State Key Laboratory for
Mineral Deposits Research, Nanjing University, Nanjing and the
phase transitions of the ﬂuid inclusions were observed at temperatures
from −196 °C to 600 °C. The heating–freezing stage calibration was
carried out using the standard of synthetic ﬂuid inclusions
supplied by FLUID INC. The precision of temperature measurements is
about ±0.2 °C for b30 °C, ±1 °C for b300 °C and±2 °C for b600 °C, re-
spectively. The heating/freezing rate is at 10–20 °C/min during the initial
runs but reduced to 0.2–0.5 °C/min when close to phase transformation.
Laser Raman spectroscopy of ﬂuid inclusions was carried out at
Guangzhou Institute of Geochemistry, Chinese Academy of Sciences.
An argon laser with a wave length of 514.5 nmwas used as laser source
at power of 25.2 mw. The spectrum diagram is taken from the wave
band of 100–4000 cm−1. The spectral resolution was ±2 cm−1 with a
beam size of 1 μm. Instrumental setting was kept constant during ana-
lyzing process.
Salinities of aqueous ﬂuid inclusions were calculated using the ﬁnal
ice-melting temperatures (Bodnar, 1993). Salinities of carbonic ﬂuid
inclusions were calculated using the ﬁnal melting temperatures of
CO2-clathrate (Collins, 1979). Densitieswere calculatedusing Flincor soft-
ware according to microthermometric data (Brown and Lamb, 1989).b–Zn deposit (modiﬁed after Gao et al., 2010).
Fig. 3. A. Photos of outcrop and micrographs of the Shagou Ag–Pb–Zn deposit. (a) Quartz–carbonate–sericite alteration; (b) Carbonate–sericite alteration; (c) Local chlorite alteration;
(d) Quartz–pyrite stage, composed of coarse grained quartz and pyrite; (e) Quartz ﬁlled in the low pressure zones formed by the pressure effect to the early stage coarse grained pyrite
to form pressure shadow; (f)-Middle stage quartz–galena veins. B. Photos of outcrop and micrographs of the Shagou Ag–Pb–Zn deposit. (a) Middle stage quartz–sphalerite veins cutting
throughwall rocks; (b) Network structure formed by penetration of galena in the ﬁssure of pyrite; (c) Emulsion texture of chalcopyrite in the sphalerite; (d) Penetration of galena, quartz
and tetrahedrite veins in theﬁssure of pyrite; (e) Corrugation structure of galena; (f) Ag-bearing tetrahedrite occurring in conjunctionwith galena; (g) Coexistence of argentite and galena,
replacing chalcopyrite; (h) Late stage quartz–carbonate veins; (i) Late stage carbonate veins crosscutting middle stage quartz–sericite veins.
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Fig. 4. Paragenetic sequence of the Shagou deposit.
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Fluid inclusions suitable for microthermometric study were found
mostly in quartz grains, which correspond to different stages of miner-
alization in the Shagou deposit. According to their nature, phases in
room temperature and phase transitions during heating and cooling,
and laser Raman spectroscopy, four types of ﬂuid inclusions were iden-
tiﬁed and classiﬁed into pure carbonic (PC), carbonic (C), pure aqueous
(PW) and aqueous (W) types (Fig. 5).
The PC type inclusions (identiﬁed by laser Raman spectroscopy) are
monophase CO2 and rarely distributed, commonly observed in early and
middle stages. They are irregular, ellipsoidal and negative crystals. Their
sizes vary from 3 to 15 μm, with most inclusions of about 4–7 μm
(Fig. 5A).
The C type inclusions contain two phases at room temperature and
three phases can be seen during freezing and heating (VCO2–LCO2–
LH2O). The C type ﬂuid inclusions are abundant in early and middle
stages and can be further divided into two subtypes. The type C1 ﬂuid
inclusions contain more CO2 than H2O (Fig. 5B) while the type C2 inclu-
sions havemore H2O than CO2 (Fig. 5C). The C type ﬂuid inclusions vary
from 3 to 10 μm in diameter. However, diameters for most ﬂuid inclu-
sions of this type are below 5 μm. The CO2 volumetric proportions
vary between 20% and 80%.
The W type inclusions consist of vapor and liquid water at room
temperature. They are most commonly observed and can be seen in
the quartz of all three stages. They occur as irregular, ellipsoidal
and negative crystals, consistent with the PC and C type inclusions.
Their sizes range from 4 to 15 μm and vapor volumes account for
5–30% of the total inclusions (Fig. 5D). W type inclusions common-
ly occur in assemblage with the C type inclusion in the middle stage
(Fig. 5E).
The PW type inclusions (identiﬁed by laser Raman spectrosco-
py) contain solely liquid water (Fig. 5F). PW type inclusions have
similar shape with the other three types, with sizes ranging from
4 to 10 μm. It is worthwhile to note that the PW type ﬂuid inclu-
sions can only be observed in stage 3 and occur commonly in clus-
ters with the W type ﬂuid inclusions (Fig. 5F). The PC type and PW
type can be distinguished by their color, with the former type usu-
ally darker (Fig. 5).4.3. Microthermometry
Themicrothermometric results ofW type and C typeﬂuid inclusions
are summarized in Table 1 and Fig. 6. No phase changes were observed
in the PW and PC type ﬂuid inclusions during cooling and heating runs.
Most results were from W type ﬂuid inclusions and only a few C type
ﬂuid inclusions were measured accurately during cooling and heating
runs due to small sizes.
The stage 1 quartz crystals contain many PC, C and W type ﬂuid
inclusions. However, microthermometric measurements were hardly
possible for the C type inclusions due to their small sizes (generally
b5 μm). TheW typeﬂuid inclusions yieldﬁnal ice-melting temperatures
from −3.3 to −5.3 °C, with salinities ranging from 5.4 to 8.3 wt.%
NaCl equiv. They are homogenized to liquid at 173–369 °C, with
average value of 236 °C and concentrating at 200–240 °C (Fig. 6A).
They have densities of 0.63–0.94 g/cm3.
The stage 2 quartz crystals contain PC, C andW type ﬂuid inclusions.
The C type ﬂuid inclusions contain 20–80% CO2 in volume. Clathrate
melting temperatures range from 5.4 to 9.2 °C, corresponding to salin-
ities ranging from 8.2 to 13.6 wt.% NaCl equiv. The carbonic phases are
homogenized to liquid at temperatures between 26.5 and 30.8 °C.
Based on these data, the average CO2 densities are estimated between
0.54 and 0.68 g/cm3 and the bulk densities of ﬂuid inclusions range
from 0.83 to 0.97 g/cm3. The C type ﬂuid inclusions are totally
homogenized to liquid phase at temperatures between 229 and
299 °C. The W type ﬂuid inclusions have vapor volume of 10–40%.
Their ice-melting temperatures range from−8.5 to−0.4 °C, concen-
trating between −5.0 and −3.0 °C. Their corresponding salinities
range from 0.7 to 12.3 wt.% NaCl equiv., with most values ranging
from 5.0 to 7.9 wt.% NaCl equiv. TheW type ﬂuid inclusions are homog-
enized to liquid at temperatures between 112 and 313 °C, with average
values of 203 °C and most values falling between 180 and 220 °C
(Fig. 6B). Densities for W type ﬂuid inclusions range from 0.79 to
1.00 g/cm3. Fluid boiling may have occurred in this stage based on the
coexistence of W type inclusions with C type inclusions which were
homogenized to similar temperatures (Fig. 5E).
Only the W type and PW type ﬂuid inclusions can be observed in
stage 3 quartz crystals. The ice-melting temperatures of the W type
ﬂuid inclusions range from−5.2 to−1.2 °C, with salinities between
Fig. 5. Photomicrographs of ﬂuid inclusions in the Shagou Ag–Pb–Zn deposit. (A) PC-type ﬂuid inclusions; (B) CO2-rich C-type ﬂuid inclusion; (C) H2O-rich C-type ﬂuid inclusion;
(D) W-type ﬂuid inclusions; (E) Coexistence of C type and W type ﬂuid inclusions in a microdomain; (F) PW-type ﬂuid inclusions.
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Their homogenization temperatures range from 108 to 256 °C, with
most values between 160 and 200 °C (Fig. 6C). Densities of the stage 3
ﬂuid inclusions are estimated between 0.83 and 0.99 g/cm3.Table 1
Mocrothermometric data of ﬂuid inclusions of the Shagou deposit.
Stage Host mineral Type of ﬂuid inclusions n Tmcl
1 Quartz PCa Several
W 19
Cb Several
2 Quartz PCa Several
W 180
C 12 5.4–9
3 Quartz PWa Several
W Several
Notation: Tmcla-melting of carbonic hydrite; ThCO2-homogenization temperature of Cabonic p
available for microthermometry; b) too small for microthermometry.4.4. Ore-forming pressure and depth
The existence of boiling ﬂuid inclusion assemblages in quartz of
the middle stage permits reliable estimation of pressure conditionsa (°C) ThCO2 (°C) Tmice (°C) Th (°C) Salinity (wt.%)
−5.3–3.3 173–369 5.4–8.3
−8.5–0.4 112–313 0.7–12.3
.2 26.5–30.8 229–299 8.2–13.6
−5.2–1.2 108–253 2.1–8.1
hase; Tmice-ﬁnal ice melting temperature; Th-total homogenization temperature; a) not
Fig. 6. Histograms of salinities and homogenization temperatures of ﬂuid inclusions of the Shagou deposit.
Fig. 7. Trapping pressure estimation diagram for the Shagou deposit. Isochores are
calculated using the ﬂincor program (Brown and Lamb, 1989) and the formula of (Bowers
and Helgeson, 1983) for the H2O–CO2–NaCl system.
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ing temperatures, CO2 phase homogenization temperatures, esti-
mated volume fractions of CO2 and the total homogenization
temperatures, the trapping pressures of ﬂuid inclusions in stage 2
were estimated to be 33–211 MPa using the Flincor program
(Brown and Lamb, 1989) and the equation of Bowers and Helgeson
(1983) for the H2O–CO2–NaCl system (Fig. 7). The ﬂuctuation
range of the estimated pressures correlates well with an alternating
lithostatic–hydrostatic ﬂuid system. Pressures for the early and late
stage ﬂuid inclusions were not obtained due to absence of appropri-
ate C type ﬂuid inclusions. Given the density of rocks covering the
Shagou deposit is about 2.7 g/cm3 (for the Taihua Supergroup gneiss;
Chen and Fu, 1992), the middle stage mineralization of Shagou deposit
occurred at depth of 1.2–7.7 km according to lithostatic pressure while
the depth would be 3.3–21 km according to hydrostatic pressure. The
overlapping depth of 3.3–7.7 km could approximately represent themin-
eralization depth of Shagou deposit, clearly different from intrusion-
related deposits with depths hardly exceed 5 km (Kerrich et al., 2000;
Pirajno, 2009).
Fig. 8. Representative Raman spectra of ﬂuid inclusions. (A) the spectrum for PC-type ﬂuid inclusions; (B) the spectrum for vapor phase of the C type ﬂuid inclusions; (C) CO2 spectrum
in some W type ﬂuid inclusions; (D) the spectrum for PW-type ﬂuid inclusions.
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Laser Raman spectroscopic detection reveals that the PC type ﬂuid
inclusions have obvious peaks of CO2 with the absence of any peaks of
H2O (Fig. 8A), indicating that they consist of only CO2. The vapor
phase of the C type ﬂuid inclusions contains mainly CO2 (Fig. 8B), with
liquid phase of mainly CO2 and H2O. The W type ﬂuid inclusions are
dominated by H2O, while some contain minor CO2 (Fig. 8C). The PW
type ﬂuid inclusions are occupied by monophase H2O (Fig. 8D).Table 2
The hydrogen and oxygen isotopic ratios of the Shagou deposit.
Sample no. Stage Minerals Th (°C) δ18OQuartz (‰) δ18OH2O (‰) δDH2O (‰)
SG071 Early Quartz 236 17.2 7.6 −102.1
SG112 Early Quartz 236 18.7 9.1 −110.5
SG153 Early Quartz 236 17.1 7.5 −96.2
11SG03 Middle Quartz 203 13.8 2.3 −100.5
11SG04 Middle Quartz 203 13 1.5 −106.2
SG012 Middle Quartz 203 13.8 2.3 −88.2
SG041 Middle Quartz 203 15.7 4.2 −100.9
SG231 Middle Quartz 203 16.8 5.3 −104.4
SG35 Middle Quartz 203 15 3.5 −75.6
SG391 Middle Quartz 203 15.4 3.9 −110.7
SG311 Late Quartz 182 13.9 1.0 −87
Notation: Th (°C) is the average temperature of every stage.5. Hydrogen and oxygen isotopic compositions
Eleven samples were selected under the microscope to ensure that
they represent the corresponding mineralization stages. The hydrogen
and oxygen isotopes were analyzed on a Finnigan MAT253 mass spec-
trometer in the Analytical Laboratory, Beijing Research Institute of
Uranium Geology. For analyses of oxygen isotopes, oxygen was liberat-
ed from quartz by reaction with BrF5 (Clayton et al., 1972) and convert-
ed to CO2 on a platinum-coated carbon rod. For analyses of hydrogen
isotopes, water from ﬂuid inclusions was released from the samples
by heating the samples to approximately 500 °C. Then the water would
react with zinc powder at 410 °C to generate hydrogen (Friedman,
1953). The results were normalized with V-SMOW standards and
the precisions were ±2‰ and ±0.2‰ for δD and δ18O, respectively.
The oxygen isotope ratios of water in equilibrium with quartz werecalculated by the equation 1000lnαquartz–H2O = 3.38 × 10
6 T−2–3.40
(Clayton et al., 1972).
The temperatures of 236 °C, 203 °C and 182 °C (the average temper-
ature of every stage) are adopted to calculate the average δ18O values of
the ﬂuids in three stages, respectively (Table 2). The δ18Oquartz values
range from 13.0 to 18.7‰, corresponding to δ18OH2O values of 1.0 to
9.1‰. The δDH2O values fall between−110 and −87‰. The δDH2O
values are generally low and the δ18OH2O values decrease gradually
from stage 1 to stage 3.
Fig. 9. δDH2O–δ18OH2O plots of ﬂuid inclusions at the Shagou deposit (based on map
after Taylor, 1974; Chen et al., 2012). RMS: Root mean square value. XRMS = [(X12 +
X22 + … + Xn2)/n]1/2.
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6.1. Source of original ore-forming ﬂuids
Only ﬂuid inclusions in early stage hydrothermal minerals have the
potential to reﬂect adequately the nature and genesis of the original
ore-forming ﬂuids as there is large input of meteoric water frequently
in middle and late stage ore-forming process in most orogenic type or
many hydrothermal deposits (Chen, 2010; Chen et al., 2007; Mernagh
and Wygralak, 2007; Pirajno, 2009).
The calculated δ18OH2O (7.5 to 9.1‰) and measured δDH2O values
(−110 to−96‰) of stage 1 hydrothermal vein quartz in the Shagou
deposit draw close to values of magmatic and metamorphic water,
and approach majority of typical lode gold deposits (Fig. 9), indicating
the ﬂuids possibly magmatic or metamorphic in origin. The stage 1
δ18OH2O (7.5 to 9.1‰) and measured δDH2O values (−110 to −96‰)
are generally consistent with those of the Juneau gold belt which
show a metamorphic origin (Goldfarb et al., 1991; Fig. 9). Indeed, a
metamorphic origin of the Shagou ore-forming ﬂuids can be also sup-
ported by the following evidence: (1) The early stage ﬂuid inclusions
in the Shagou deposit are characterized by intermediate tempera-
ture, low salinity and abundant CO2, which resemble metamorphic
ﬂuids and differ remarkably from magmatic ﬂuids (Chen et al., 2007).
(2) Temperature of the lowest eutectic point for primary magmatic hy-
drothermal ﬂuids is 573 °C (Chen, 2010), however, the early stage ﬂuid
inclusions are homogenized to liquid at 173−369 °C (with average
value of 236 °C), concentrating at 200−240 °C, obviously lower than
the lowest eutectic temperature. As stated above (Section 4.4), the esti-
mated minimum trapping pressure for the ore-forming process in the
middle stage would be 33 to 211 MPa. Pressure correction for the early
stage ﬂuids was made using MacInnis et al. (2012), given the value for
pressure correction was 211 MPa (maximum pressure of the middle
stage). The calculated trapping temperatures of the early stage ﬂuids
range from 292 to 645 °C and concentrated at 290 to 300 °C. Most trap-
ping temperatures were also signiﬁcantly lower than the lowest eutectic
temperature. Based on fractionation equation 1000lnαQuartz–H2O =
3.38 × 106 T−2–3.40 (Clayton et al., 1972), the δ18OH2O will be
lower by 5.6‰ on average when minerals precipitate during prima-
ry magmatic hydrothermal ﬂuids cool down from about 573 °C to
300 °C or lower. In other words, δ18OH2O for the inferred primary
magmatic hydrothermal ﬂuids at Shagou should be 13.7‰ (average
value of early stage 8.1‰+ 5.6‰), higher than those of deﬁned pri-
mary magmatic hydrothermal ﬂuids (6 to 9‰; Taylor, 1974). It indi-
cates that the early stage ﬂuids should not be magmatic in origin.
(3) Last but very important, there is hardly any igneous rocks inthe mining area, excluding the possibility producing sufﬁcient mag-
matic hydrothermal ﬂuids to form the large-size Shagou deposit.
The relatively low δDH2O values (b−80‰) could be interpreted to
result from δD-depleted organic matter (Goldfarb et al., 1989; Jia et al.,
2001). However, themain lithologies of the Xiong'er terrane, the Taihua
Supergroup, the Xiong'er Group and Yanshanian granitoids, do not
contain organic matter. The low δDH2O values (b−80‰) suggest
that the ore-forming ﬂuids should originate from the carbonaceous,
organic matter-rich carbonate–shale–sandstone–chert sequence of the
Guandaokou and Luanchuan Groups to the south of Machaoying fault.
Based on the Sr isotopic study of ﬂuid inclusions in quartz, the
ore-forming ﬂuids were speculated to originate from the Taihua Super-
group and the metamorphic dehydration of the sedimentary successions
of the Guandaokou and Luanchuan Groups (Han et al., 2013).
The generally low salinities, CO2-rich characteristics and the absence
of any solid bearing ﬂuid inclusions clearly show features ofmetamorphic
water identiﬁed in most orogenic-type deposits (Chen et al., 2007).6.2. Evolution of the Shagou ore-forming ﬂuids
Fluid inclusions are one of themost important sources of critical infor-
mation on ore-forming process in hydrothermal systems (Wilkinson,
2001). Combined with ore geology, ﬂuid inclusions study can shed light
on the ore genesis and the evolution of ore-forming ﬂuids.
From the laser Raman spectroscopy, the stage 1 quartz contains PC, C
and W type ﬂuid inclusions with pure CO2, H2O–NaCl–CO2 and H2O–
NaCl composition, respectively. Small size of ﬂuid inclusions will attri-
bute large errors during microthermometry analysis (Fall et al., 2009).
Based on this point, inclusions whose size are b5 μm are not taken
into consideration during cooling and heating runs. Only some W type
ﬂuid inclusions are suitable for microthermometric analysis and give
peak temperatures ranging from 220 to 240 °C and salinities from 5 to
9 wt.% NaCl equiv. The intermediate temperatures with low salinities,
together with abundant CO2, were considered as symbolic features of
metamorphic ﬂuid system (Chen, 2010; Chen et al., 2007; Pirajno,
2009), correspondentwith H–O isotopic signatures of the stage 1 ﬂuids.
The stage 2 quartz contains PC, C andW typeﬂuid inclusions. The co-
existence of W type ﬂuid inclusions with different vapor/liquid ratios
and C type ﬂuid inclusions with similar homogenization temperatures
(e.g. Fig. 5E) indicates a possible ﬂuid boiling process occurring during
ﬂuid trapping at this stage (Kreuzer, 2005; Roedder, 1984). The peak
temperatures of the stage 1 ﬂuid inclusions range from 180 to 220 °C.
The salinities show large variations from near 0 to 13 wt.% NaCl equiv.,
peaking at 6 to 8 wt.% NaCl equiv. (Fig. 6), perhaps due to ﬂuid boiling.
Fluids with salinities approaching 0% are close to meteoric water,
indicating that ﬂuid mixing could also be a key process during the
ore-forming process.
Comparedwith the stage 1 and 2 ﬂuid inclusions, stage 3 ﬂuid inclu-
sions aremainlyW typewithH2O–NaCl composition, which are charac-
terized by peak temperatures ranging from 160 to 200 °Cwith salinities
ranging from 2 to 8 wt.% NaCl equiv., peaking at 3 to 4 wt.% NaCl equiv.
Together with the absence of C type and the appearance of PW type
ﬂuid inclusions, these features including low temperatures, low salin-
ities and lack of CO2, are in accordance with those of meteoric water
(Chen, 2010; Chen et al., 2007).
As seen from the RMS (root mean square) values of every stage, a
gradual increase of δD ratios can be observed from the early to late
stages (Fig. 8). The low δD ratios in the early stage ﬂuids are probably
caused by δD-depleted organicmaterials contained in the Carbonaceous
carbonate–shale–sandstone–chert sequences, and the higher values in
the late stage ﬂuids were caused by the addition of meteoric water.
The Mesozoic meteoric water of the eastern Qinling has δDH2O values
of−90 to−70‰ and δ18OH2O values of−15 ± 1‰ (Zhang, 1985). So
the decreasing trend of δ18OH2O can be interpreted as the result of
gradual input of meteoric water.
Table 3
Geological characteristics comparison between the Shagou Ag–Pb–Zn deposit and orogenic type deposits.
Comparing contents Orogenic gold depositsa Orogenic type deposits of other commoditiesb–g Shagou Ag–Pb–Zn deposit
Tectonic setting Orogenic belt Accretionary and collisional orogenic belt Collisional orogenic belt
Host geologic body Metamorphic terrane Metamorphic terrane or metasedimentary rocks The metamorphic Taihua supergroup
Ore-controlling structure Structurally-controlled Fault-controlled Structurally-controlled by E–W trending
Machaoying fault and its subsidiary faults
Ore-types Quartz vein type, altered rock type Quartz vein type, altered rock type Quartz vein type, altered rock type
Mineral assemblages Mainly pyrite Pyrite, sphalerite, galena and other Ag-bearing
sulﬁdes or pyrite, molybdenite, sphalerite, galena
Mainly pyrite, sphalerite, galena and other
Ag-bearing sulﬁdes
Fluid characteristics Fluids with low density, low salinity
and enriched in Carbonic phase
Fluids with low density, low salinity and enriched
in Carbonic phase
Fluids with low density, low salinity and
enriched in Carbonic phase
Initial ﬂuid source Metamorphic ﬂuids Metamorphic ﬂuids Metamorphic ﬂuids
Ore-forming temperature 200–500 °C 210–470 °C 180–220 °C
Mineralization pressure 50–400 MPa 40–380 MPa 9.4–142 MPa
Fluid immiscibility Occurred Occurred Occurred
Notation: a— summarized from Kerrich et al. (2000) and Chen (2006); b— summarized from Chen et al. (2004); c— summarized from Qi et al. (2007); d— summarized fromDeng et al.
(2008); e — summarized from Li et al. (2011a) and Ni et al. (2012); f — summarized from Zhang et al.(2012); g — summarized from Zheng et al.(2012).
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diate temperatures, intermediate-low salinities and abundant CO2 con-
tents in early stage to low temperatures, low salinities and lack of CO2 in
late stage. Themiddle stage ﬂuids perhaps experiencedﬂuidmixing and
boiling processes which resulted in sulﬁde precipitation.
6.3. Ore deposit type of the Shagou deposit
As stated above, the ore-forming ﬂuids experienced a transition
from intermediate to low temperature and salinity, CO2-rich to low
temperature and salinity, CO2-poor characteristics, perhaps due to grad-
ual input of meteoric water, diagnostic of most orogenic type deposits
(Chen et al., 2007; Groves et al., 1998). The H–O isotopes further con-
ﬁrm the metamorphic origin of the ore-forming ﬂuids (Chen et al.,
2007; Groves et al., 1998; Pirajno, 2009).
In order to better constrain the genesis of the Shagou Ag–Pb–Zn
deposit, geologic and ﬂuid characteristics among orogenic gold belts, oro-
genic deposits of other commodities and the Shagou deposit are compre-
hensively compared (Table 3). The Shagou Ag–Pb–Zn deposit displays
features in accordance with orogenic type deposits. For example, theFig. 10.Metallogenic model for the Shagou Ag–Pb–Shagou Ag–Pb–Zn deposit is located at the eastern Qinling belt, which is
a collisional orogen; locations and distributions of ore veins are structur-
ally controlled by the E–W trending Machaoying fault and its subsidiary
faults; host–rocks of the deposit are the Taihua Supergroup which is a
metamorphic terrane. Combined these geological characteristics and the
results of ﬂuid inclusions study, the Shagou deposit can be considered
as an orogenic system, rather than an intrusion-related system.
To integrate all these research ﬁndings with previous Sr isotope stud-
ies combined with its ore-forming time (ca. 145 Ma) (Han et al., 2013;
Mao et al., 2006), a genetic model for the Shagou deposit is proposed as
follow (Fig. 10): sedimentary successions of the Guandaokou and
Luanchuan Groups subducted northward along the Machaoying fault be-
neath the Xiong'er terrane during the Mesozoic collision between the
North China Craton and South China Block and dehydrated, resulting in
the devolatilization of ﬂuids rich in CO2. These ﬂuids migrated upwards,
reacted with the Taihua Supergroup host rocks and formed the Shagou
deposit. According to the collision, metallogeny and ﬂuid ﬂow (CMF)
model (Chen, 1998, 2013; Chen et al., 2004; Pirajno, 2009), the Shagou
Ag–Pb–Zn deposit should be products of the D zone in this model
(Fig. 10).Zn deposit (modiﬁed after Zhou et al., 2014).
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(1) The mineralization process for the Shagou Ag–Pb–Zn deposit in-
cludes three stages. The early quartz-pyrite stage which is char-
acterized by the formation of mainly quartz, pyrite with a little
galena and sphalerite. A middle stage is marked by the precipita-
tion of quartz with abundant galena, sphalerite, pyrite, chalcopy-
rite and a large portion of Ag-bearing sulﬁdes. A late stage is
characterized by the development of quartz and carbonate with
comb structure.
(2) The ore-forming ﬂuids experienced a transition from intermedi-
ate temperatures, salinities, CO2-rich to low temperatures, salin-
ities, CO2-poor, which was possibly due to gradual input of
meteoric water, based on microthermometric data and H–O iso-
topes. Mixing and boiling of ﬂuids may be the main mechanism
for this transition and sulﬁdes precipitation.
(3) The Shagou Ag–Pb–Zn deposit is interpreted as an orogenic type
mineral system formed during the Mesozoic collision between
the North China Craton and South China Block based on combina-
tion of ore geology, ore-forming ﬂuids and metallogenic epoch.
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